be performed more rapidly and at a lower cost [4, 5] . Real time direct data capture in clinical trials enhances EDC by increasing the data accuracy and reducing costs [6, 7] . The use of novel digital technologies in clinical research trials reportedly improves research outputs [5] . Various digital technologies can be used from participant recruitment to data analysis. Personal digital assistants (PDAs) are mobile digital devices that can be used for direct data capture in clinical trials and have a telephone function.
Medication compliance monitoring is important but timeconsuming and laborious. In this study, a medication compliance monitoring system using a PDA with a barcode scanner was developed to improve medication compliance and to produce high-quality data in a timely manner. The system enabled real-time monitoring of medication compliance and communication between investigators and participants in clinical trials.
II. Methods

Development of the Medication Compliance Monitoring
System The medication compliance monitoring system (Figure 1 ) consisted of a management part (clinical trial center database [CTC DB] and software), clinical trial investigator part (monitoring), and clinical trial participant part (PDA).
1) Management part
The CTC DB included a clinical trial list, investigator information (e.g., principle investigator, sub-investigators, and clinical research coordinators), and participant information. The database was linked to our hospital prescription system to obtain information regarding prescription medication, which included the dosage interval (e.g., three times per day, every 8 hours) and duration (medication start to stop dates). Barcodes were attached to medication-containing bags to collect and respond to data in real-time (automatic decision support system), send reminder or warning messages to participants and investigators, and to display information on medication compliance.
2) Clinical trial investigator part
The monitoring part registered a trial, assessed the medication compliance of the participants, and enabled investigators to intervene, send messages, and alter medication plans.
3) Clinical trial participant part Three PDAs with barcode scanners, the MB7000 (Daishin Information Communications, Seoul, Korea), MC-63005 (M3 Mobile, Seoul, Korea), and SCH-M480 (Samsung, Suwon, Korea), were used. The barcode scanner can read oneand two-dimensional barcodes. Barcode information was sent to the CTC DB and stored in the PDA automatically. Each bag contained two sugar-filled capsules. Participants received an automatic reminder message when they should take the medication and scan the barcode using the PDA, to transfer the barcode information to the CTC DB. The study duration was 2 weeks, during which participants took the medication three times per day at intervals of ≥4 hours or at 8 AM, 12 PM, and 6 PM. The data were both transferred to the CTC DB and stored in the PDA in case of a problem with the wireless network. Compliance rates were evaluated based on the CTC DB data. The participants were trained to use the PDA prior to the study. Participants provided feedback regarding the usability of the system at the end of the study.
III. Results
A clinical trial medication compliance monitoring system was developed at a university hospital clinical trial center. Participants registered for an IRB-approved clinical trial and were prescribed a trial drug according to the approved protocol. The participants were trained to use the PDA and to send the barcode data to the hospital database when required ( Figure 1) . The system enables clinical trial investigators to check compliance and automatically generates a list of participants with poor compliance. Moreover, the system can send SMS reminder/warning messages to participants and investigators. Participant medication records were stored in the CTC DB and displayed as compliance rates (Figure 2 ).
All but one of the participants resided in Busan. The age range of the participants was 29-73 years, and 8 of the 20 participants were males (Tables 1, 2 ). Five participants were <50 years old and 8 were ≥65 years old. The total mean compliance rate was 82.3%. The mean compliance rates between males (mean age, 57.1 years) and females (mean age, 56.3 years) were 86.1% and 79.8%, respectively, with the men having a superior compliance rate than that of the females. The mean rates of compliance with the predetermined intervals and predetermined times for the day regimens were 83.1% and 81.5%, respectively ( Table 2 ). The mean compliance rates were 83.1% and 81.1% in participants <65 and ≥65 years old, respectively. One participant was unfamiliar with cellular telephones and computers; her compliance rate was 54%. The other participants had used a cellular telephone for ≥4 years (mean, 7.4 years). The results are summarized in Table 1 , and the characteristics of the participants and the compliance rates are listed in Table 2 . The medication compliance monitoring system generally performed well. The participants only had a few problems with the system, most of which were related to connecting to the Internet and scanning the barcodes. Most of the participants and investigators were satisfied with the system. Errors in using the PDA were associated with the level of experience using a computer, cellular phone, and email but not with age. Most of the participants quickly became accustomed to using the PDA. Two participants required >10 training sessions and had low compliance rates.
IV. Discussion
This study developed a PDA-based clinical trial medication compliance monitoring system with remote data capture. The overall compliance rate of the system was 82%. PDAs are not owned by everyone, particularly in the elderly population; however, the monitoring system could, if necessary, be developed as a smartphone application. The PDA based system can be used by non-smartphone owners or individuals reluctant to use their own smartphones. The system reduced the frequency of errors and thus saved time. Moreover, the PDA enabled participants to contact the clinical trial investigator directly. However, this system could not identify if the participants took their medication before scanning the barcode. This study involved 20 participants from Busan and a neighboring city but was limited to a single clinical trial center. This limits the generalizability of the results as other centers may have patients with different characteristics and/or different technical infrastructures. The results for a regimen of three times per day at ≥4 hour intervals were slightly better than those for the other regimen (at 8 AM, 12 PM, and 6 PM), likely because reminder messages were sent at 30-minute intervals until the medication was taken. A cross-over questionnaire survey of patients with irritable bowel syndrome showed that paper-and PDA-based data capture were equally efficacious [8] ; however, the PDA reduced the time and cost of data processing. A study on a wireless hand-held electronic diary and paper diary in Parkinson's disease patients for at least 5 years reported compliance rates of 88% and 98%, respectively; however, compliance with the time schedule was 78% for the paper diary [9] . The hand-held electronic diary increased the compliance rate among patients with a median age of 65 years. Therefore, the use of a hand-held computer facilitates the collection of data at the correct time, irrespective of the participant age. In a questionnaire-based study, participants aged 63-93 years used a PDA with a barcode scanner to respond to questions. The results support the feasibility of PDA-based systems for monitoring the medication compliance of elderly patients [10] . A pilot study on a real-time electronic adherence monitoring device (EAMD) with SMS reminders involving patients who failed second-line antiretroviral therapy showed a modest improvement in compliance [11] . EAMDs provide precise data on medication compliance but are expensive and inconvenient [12] . Participants in the above mentioned study on the antiretrovirals stated that the device was too large to carry, and it would be better to combine the reminders with the monitoring device [11] . Kalantarian et al. [13, 14] developed an algorithm that involved use of a necklace (swallows) and smartphone (hand motions) to assess medication compliance. Video (or virtually) observed therapy using videophones connected to telephone landlines and video-enabled mobile cellular devices improved medication compliance in tuberculosis patients [15] .
Regulatory authorities may be reluctant to allow the use of new technologies in clinical trials due to concerns regarding data security [5] . However, these problems will be overcome, and new technologies will be implemented in future clinical trials.
These study results indicate the feasibility, usability, and effectiveness of the PDA-based clinical trial medication compliance monitoring system. Use of this system will improve the quality of clinical trials.
